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An i nves t iga t ion  of a can-type flame holder  employing a fuel-air- 
m i x t u r e  control sleeve in a 20-inch-diameter ram-jet COmbUStOr  was con- 
ducted by free-jet and direct-ccmnect  techniques a t  a simulated flfght 
Mach number of 3.0 and a l t i t u d e s  from about 70,000 t o  80,000 feet. 

The can-type c m b u s t o r  had peak c m b u s t o r   e f f i c i e n c i e s  of about 0.90 
at fuel-air r a t i o s  of 0.018 and 0.04. The lower cambustor   eff ic iencies  
between these two fuel-air r a t i o s  were fur ther   reduced by reducing 
combustor-inlet   pressure.  Crarrpa.rison with a previous ly  reparted c i r c u l a r  
V - g u t t e r  conf igura t ion  revealed only slight d i f f e rences  3n specific fuel 
consumption. 

Reduction of the 86-inch  combustion-chmber length t o  56 inches low- 
ered the c o d n s t o r   e f f i c i e n c y  14 percentage   po in ts  a t  a fbel-air r a t i o  
of‘ 0.02 and 18 p-ercentage  points at a f’uel-air r a t i o  of 0.04. 

As p a r t  of a program  being  conducted a t  the HACA Lewis l abo ra to ry  
t o  dev i se   r am- je t   cmbus to r s   su i t ab le  for long-range missiles, the per- 
formance of a can-type flame holder  has been  fnvest igated.  The can-type 
flame holder  is one of  fou r  flame holders  which h&ve been  s tudied in the 
program. Resu l t s  of  tests on the o ther  three flame holders ,  which in- 
cluded  circular-@;utter  conffgurations with both s m e l l  and large p i l o t s  
and a s loping-baf f le   conf igura t ion  with a k g e  p i l o t ,  are repor t ed  in 
re ferences  l and 2. A direct-connect   invest igat ion  of  a 16-inch can-type 
flame holder  a t  cabustion-chamber inlet pressures  of  about 2400 pounds 
per squa re   foo t  is reported i n  reference 3 and shows th& high conkustor 
e f f i c i e n c i e s  can be obtained mer a wide   range   of   fue l -a i r   ra t io   {about  

It was the purpose of the inves t iga t ion   r epor t ed  herein t o  extend the 
c 0.01 t o  0.06) by use  of  a mixture c o n t r o l   s l e e v e  asd  dua l  fuel systems. 
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inves t iga t ion   of   re fe rence  3 t o  cornbustar-inlet pressures below 2400 
pounds per square  foot .  A similar can-type canbustor was therefore in- 
ves t iga ted  i n  a 20-inch-diameter rag-jet engine in an a l t i t u d e  chaniber 
s imula t ing  a flight Mach numb+ .of -5.0. * .  

The canbus tar   e f f ic iency ,  cmibustor total-pressure  ra t io ,   canbustor-  
o u t l e t   t o t a l  pressure, cmibustor- inlet  Mach number, and specific fuel 
consumption are presented.  The effkct of   cmbustor  l e n g t h  on e f f i c i ency  
and the effect of p i lo t   ope ra t ing   cond i t ions  on combustor b u r n h g  limits 
axe also preeented. 

F a c i l i t y  

The fac i l i ty  that w88 u t i l i z e d  for this investigation  could be oper- 
a t ed  a~ a free-jet and as a di rec t -connec t   un i t .  X t  is shown i n  f i g u r e  1 
with the ram-jet combustor installed. A i r  entered the f a c i l i t y   t h r o u g h  
a cumbustion-type preheat- which v i t i a t e d  the f'adlity air supply t o  a 
fuel-air r a t i o  of 0.009 o r  less. The alr  then passed   in to  a surge tank 
and was expanded through a convergent-divergent   nozzle   to  a Mach number 
of 3.0. The engine   d i f fuser  in le t  k s  submerged in the Mach number 3.0 4 

j e t  and the excesB air spi l led around the engine inlet through  the jet 
d i f fuee r .  The engine  exhaust passed into a. s-eparate cbmiber which could 
be t h r o t t l e d  far engine s t x ~ r I x .  A complete description of the Free-jet 
f a c i l f t y  and its operat ion me given i n  re ference  4. 

For the direct-connect  mode of. invest igat ion,   b lank-off   plates  w e r e  
i n s t a l l e d   t o   c o v e r  the je t  d f f f i s e r  (fig. I), 80 that air was ducted 
s u b s o n i c a l l y   t o  the annulus formed by the engine cowl l i p  and the d i f f u s e r  
centerbody. 

A c ross   s ec t ion  of the 2O-lnch-diameter,  173-inch-long ram-jet 
engine is shown i n  figure 2. The inlet  d i f f u s e r  is of the double-cane 
annulax type with two external con ica l  shocks. A x i a l  centerbody  support 
s t ru t s   ex t end ing  f r o m  near the cowl l i p  t o   a b o u t   s t a t i o n  2 div ide  the 
air f l o w  through the d i f f u s e r   i n t o  .three chsnnele. The combustion chamber 
has an inside diameter of 20 inches  and i s  water-jacketed. The contoured 
convergent  exhaust  nozzle has a rniqimum mea equal t o  55 percent  of the 
combustion-chamber c ross -sec t iona l  mea. 

A 6.4-inch-diameter,  4.9-inch-long p i l o t   b u r n e r  was mounted on the 
b lun t  end of the diffuser   centerbody as shown i n  figure 2. A i r  waa 
suppl ied t o  the p i l o t  by three equally  spaced  nozzles  designed t o  produce 

% 
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whirling flaw. A i r  supplied t o  the p i l o t  a t  the sane temperahre 88 
c the engine inlet air by bleeding it from the preheater discharge 88 sham 

in f i g u r e  1. P i l o t  fuel flow w a ~  3n*oduced through a ftxed-azea c o n i c d  
spray  nozzle  located i n  the center of the upatream  end of the p i l o t .  The 
nozzle was r a t e d  a t  12 gallons per hour at a d i f f e r e n t i a l  pressure of 100 
pounds per square  inch. 

A high-energy  condenser-discharge i g i t i o n  system WES used t o  ignike 
the ram- jet engine. As shown i n  figure 2, the spark  plug  prosected 
through the fuel-air mixture c o n t r o l  sleeve and i n t o  the p i l o t   b u r n e r .  

The fue l  used in the ccrmbuetim preheater asd the ram-jet engine was 
MIL-F-562411, grade JP-4. 

Ccgnbustor Cmf igura t ions  

- Configuration 1. - D e t a i l s  of the can-type flme holder are shown i n  
figure 2. The included  cone angle of the can-”pe flmne holder  was 16.5*, 
and the r a t i o  of su r face  open area of the can-tgpe flame holder t o  

were near ly  the same 8 8  those  used for the can-type flame holder  of ref- 
erence 3. The downstream outer  edge of the flame holder was 18.6  inches 
i n  diameter and was located 41.8 Inches frat the p i lo t   d i scha rge .  Thus 
an annular gap, 0.7 inches wide, existed between the downstream  end of 
the flame holder and the cartbustfan chamber wall. A slightly con ica l  
38.6-inch-long  fuel-air-mixture control sleeve,  which enclosed 49 percent  
of the sur face  open area of the can, was attached t o  the fls;rae holder. 
The upstream  outer edge of the sleeve was 14.5 inches In diameter. The 
sleeve  divided the flow area i n t o  fnner and outer  zones, each zone having 
its own fuel-Injection  system.  Support s t r u t s  were provided  about midway 
along the cont ro l   s leeve .  The cmbust ion  chamber was 86 inches in length, 
measured axially from the base of the d i f fuser   cen terbody t o  the entrance 
of the exhaust  nozzle. 

a combustion-chamber c ross -sec t iona l  area was 1.17. These design variables 

Fuel-system details are shown i n  figure 3. Dual supply pipes  fed 
and  supported each of the three inner k i f o l d a .  Inner-zone manifolds 
and supply  pipes w e r e  covered with a m e t a l  jacket t o   i n a u l a t e  them from 
the high-temperature inlet air. Each Inner Jllanifold had sfx spray bars 
which  provided normal f i e1  in j ec t ion  *om two apposed  0.021-Inch-diameter 
boles. Each of the three outer  manifold8 was fed and  supported by dual 
supply  pipes and in j ec t ed  fuel i n  a d~wnstream d i rec t ion  from five pairs 
of  0.028-inch-diameter  holes.  Inner- and outer-zone fuel was i n j ec t ed  at 
d is tances  of 16 and 13 inches, respect ively,   upstream of the p i l o t  
dPscharge. 

Configuration 2. - Configuration 2 was the aame &8 configurat ion 1 
except that the flow r e s t r i c t i o n  fn the outer  zone was increased by clos-  
lng the 0.7-inch annular gap a t  t h e  downstream  end of the flame holder by 
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a flat  p l a t e   ( f i g .  -4). This plate was i n s t a l l e d   t o  shif t  t he   d iv i s ion  
of a i r  flow between the inne r  and  outer  zones 80 that the inner-zone 
peak e f f i c i e n c y  would be c l o s e r   t o   a - f u e l - a i r   r a t i o  of 0.02. 

Configuration 3. - Except for  the inner-zone  fuel-indection  system 
and t h e  combustion-chaniber length,   configurat ion 3 was i d e n t i c a l  t o  con- 
f i g u r a t i o n  2. The f u e l  system was the same ~ E I  that for configurat ion 2 
except that the inner  manifolds each had four  spray bms and each bar 
provided normal fuel i n j e c t i o n  *om two opposed  0.026-inch-diameter 
holes .  The combustion-chamber l e n g t h  of configurat ion 3 was decreased 
t o  56 inches  to   determine its e f f e c t . o n  the can-type  flame-holder 
performance . . .  . . - .. .. . 

- 
- .. . 

"." . . 

Instrumentation 

The loca t ions  of temperature  and pressure instrumentation a t  the 
v a r i o u s   s t a t i o n s  are shown i n  figures 1 and 2. Eng ine - in l e t   t o t a l  pres- 
s u r e  and t o t a l  temperature were measured i n  the surge tank upstream of 
the supersonic  nozzle.  Wall static pressure  was measured near  the engine 

' subsonic-diffuser  exit.  A water-cooled rake, j u s t  upstream of- the engine 
exhaust-nozzle i n l e t ,  provided a total -pressure  survey.  A i r  flows t o  the 
prehea ter  and p i l o t  burner were measured with A.S.M.E. type flat-plate 
o r i f i c e s .  Temperature of the p i l o t  air was measured  downstream of the 
pi lo t - a i r   me te r ing   o r i f i ce .  Fuel flm t o  bo th  the cmbuet ion  preheater  
and the engine were measured with calibrated rotameters.  A periscope,  
used t o  Betermine engine  blow-out,  afforded  visual  observation  of  the 
cnnibustion chamber *om t he   exhaus t   nozz le ;   t he   l i ne  of sight was up- 
stream  along the engine. axis. 

" 

. " 

Simulation of Flight Conditions 

A fYee-jet Mach number of approximately 3.0 was obtained ahead o f  
t he   eng ine  .by means of a convergent-divergent  noz.zle. By  using the 
combustion-type preheater, the t o t a l  temperature of   the  air enter ing  the 
surge tank and p i l o t  was raised t o  llOOo R t o   s l m u l a t e   t h e  standard 
t o t a l   t e m p e r a t u r e .   f o r  a flight. Mach n p b e r .  of. 3.0 at a l t i t u d e s  above . 

the tropopauee. 

The engine,  by v i r t u e  of  i ts  i n l e t  ana exit geometry,  operated 
s u p e r c r i t i c a l l y   f o r  mel-air ratios (ref. 51. The c m u a t o r  pres- 
su res  me the re fo re  somewhat lower f o r  the s i m u l a t e d   d t i t u d e s  of this 
inves t iga t ion   than  are obtainable   with a better matching of  the i n l e t  
and ex i t  geometry. The performance of the three conf igura t ions   inves t -  

Y 
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igated is therefore   p resented   bo th  in terms of engine   un i t  air flow and 
i n  terms of corresponding  a l t i tudes i n  the jet. For b o t h  the free-jet 
and  direct-connect   invest igat ions,  the t o t a l  pressure in the surge   t ank  
was var ied  t o .  provide a range of eng ine   un i t  air flow. This range was 
f r t m  4.09 t o  6.85 pounds per second per square foot  of conibustion chamber 
c ross - sec t iona l  area, corresponding t o  s fmula t ea   a l t f t udes  of from 80,700 
feet t o  70,400 feet, respec t ive ly .  

Operational  Techniques 

Supersonic flow was es t ab l i shed  i n  the free-jet nozzle  at  the i n l e t  
temperature of  UOOO R. A t h r o t t l i n g   v a l v e  downstream of the engine 
exhaust  nozzle (fig. 1) was then  partially c l o s e d   t o  rafse the ca ibus to r  
p re s su re  level and  reduce the v e l o c i t g  at  the cosibustm inlet. next, the 
engine   ign i t ion  system. was activated, after which f u e l  was s u p p l i e d   t o  
the inner-zone  manifolds in the desired amount. Upon ign i t ion   o f  the 
f u e l - a i r  mixture, the t h r o t t l i n g   v a l v e  m s  q e n e d  and the engiae exhaust 
nozzle  was choked. D a t a  were  taken a t  c o n s t a n t   u n i t  air flow, and the 
engine inner-zone  fuel  flow m s  varied t o  cover the operable range of 
fuel-air ratio.  Then, while fuel flow t o  the inne r  zone was held  con- 
stant at  the most e f f ic ien t   inner -zone  fuel-air r a t i o ,  fuel was suppl ied 
t o  the ou te r  erne t o  determine the performance at richer fuel-& r a t i o s .  

Symbols asd  Calcu la t ions  

Symbols used i n  this report are listed in appendix A. Methods of 
c a l c u l a t i o n  of engine- in le t  air flow, engine fuel-air r a t i o ,  combustor 
eff ic iency,   combustor- inlet  Mach number, and specific f’uel consumption 
are l isted i n  appendix B. 

Configuration 1 

The performance of conf igura t ion  1 is  presented fn figure 5{a] f o r  
u n i t  air flows of 6.85, 5.42,  and 4.09 pounds per second per square foot 
of  combustion-chamber  cross-sectional area. Performance was measured . 
with inner-zone f’uel i n j e c t i o n  only. A peak  conkustor  efficiency of 
0.86 was obtained a t  a fuel-air ratio of 0.013 (fig. 5 (a) 1, leaner than  
the desired fuel-air r a t i o  of 0.02, for a u n i t  air flaw of 6.85. A t  
the low u n i t  air flow  of 4.09, the peals combustor eff ic iency  occurred 
a t  E f u e l - a i r  ratio of 0.016 and was only 0.52. The cmbustor   p ressure  
r a t i o  was about 0.95 for a l l  burning  condi t ions.  The combustor-exit 
t o t a l  p re s su re  vwied from 470 t o  1090 pounds per square foot   Ebsolute .  
The combustor-inlet  Mach nunher varied f r o m  0.32 to 0.22. 
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Configuration 2 

In o r d e r   t o  shift the inner-zone peak-efficiency po in t  of configur- 
a t i o n  1 t o  a higher f u e l - a i r   r a t i o  (around 0.02) it was necessa ry   t o  
pass a la rger   percentage  of the t o t a l   e n g i n e  air flow  through the inner  
zone. The increase  in air B_ow t h r o u g h t h e   i n n e r  zone -8 accomplished 
with configurat ion 2 by increas ing  the flow r e s t r f c t i o n  in the outer  
zone. 

The performance of configurat ion 2 is presented In figure 5Cbb) for 
apprcnclmately the same u n i t  air flaws as for   conf igura t ion  1. For opera- 
t i o n  with only the inner-zm.e fuel system, a peak combustor e f f i c i ency  
of o .90 occurred at a fua-kir ratio of: o .018 ( u n i t  air flows of 5.44 and 
6.80). Thus, the objec t ive  of s h i f t i n g  the inner-zone  peak-efficiency 
f u e l - a i r   r a t i o   n e a r e r   t o  a f u e l - a i r   r a t i o  of 0.02 was achieved  and, in 
addi t ion ,  the peak e f f i c i ency  was' increased by about 5 percentage  points  
f o r  the u n i t  air flows of 6.80 and 5.44. F& operat ion at a u n i t  air 
f low of 4.10, the peak efficfency showed a marked increase  from 0.52 t o  
0.87 with configurat ion 2. These irqprovements Fn ef f ic iency ,  however, 
were gained a t  the expense of fncreased combustor  pressure  losses as 
shgwn by comparison of figures 5[&) and [b). Configuration 2 had a 
combustor   pressure  ra t io  of  O.&, where& configura,;Eion 1 had a pressure  
r a t i o  of 0.95. 3% a subsequent paragraph, the combined e f f e c t s  of 
e f f i c i e n c y  and combustor  pressure  ratio:  on specific fuel conamption will 
be discuseed. 

When configurat ion 2 WBB operated with inner  and  outer  fuel  systems 
toge ther ,  peak combustor eff ic iency  occurred at a fuel-air r a t i o  of about 
0.04. The peak combustor e f f i c i ency  wa's about 0.90 for b o t h   u n i t  air 
flows inves t iga ted .  

* 

The effect of pressure over a wider  range  than that covered by these 
tests can be revealed by comparison with re fe rence  3, where canbustor- 
i n l e t   p r e s s u r e s   o f  2230 t o  2530 pounds per square foot were experienced. 
In re fe rence  3, e f f i c f e n c i e s  of 0.9 o r  better were obtained a t  all fuel- 
air ra t ios .   Conf igura t ion  2 had peak ef f ic ienc ies   o f  0.88 t o  0.91 a t  
pressures  from 600 t o  1400 pounds per s q u a r e   f o o t   f o r   f u e l - a i r   r a t i o s  
of about 0.018 and 0.04, but '  w a i  13 percentage  points  lower i n  the fuel- 
a i r - r a t i o   r a n g e  f r o m  0.02 t o  0.03. Hence, the effect of reducing pres- 
&re was t o  reduce the cambustor e f f i c i e n c y  at f u e l - a i r   r a t i o s  where the 
t r a n s i t i o n  between  inner-zone h e 1  in j ec t ion .  and " fue l   i n j ec t ion  in both  
zones  occurs,  but there wag l i t t l e  effect on peak cqmbustor  efficiency. 
The cambustor - in le t   qe loc i t ies   repor ted  i n  re ference  3 were somewhat 
lower than for cpnf igma t ion  2 ,  b u t  it :is. felc-tfi&t ..this. effect was 
neg l ig ib l e .  

" 

" ............ - . . . . . .  ..... " 

. .  - 
p .i i 

Y 
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Spec i f i c  Fuel Consumption fCmparison with O t h e r  C d b u s t o r  Ty-pes) 

The range  of a ram-jet   parered misslle is dependent upon bo th  the 
COnibUStor e f f i c i ency  and the cmbustor   p ressure   ra t io .   These  parameters 
are conibined in the parameter spec i f ic .  f u e l  consumption, which i s  an 
index of range  potent ia l .   Accardingly,  the s p e c i f i c  fuel consumption 
w&s c a l c u l a t e d   f o r  these d a t a  for purposes of cmpar ison .  A d i f f u s e r  
to ta l -pressure   recovery  of 0.6 and a cmpletelg expanded  exhaust  nozzle 
having a velocity coefficient of 0.95 w e r e  assumed for th i s  ca leu la t ion .  
Var ia t ion  of s p e c i f i c  fuel consumption wfth n e t   t h r u s t   p e r  pound of 
engine air f low is shown in f i g u r e  6 far configurat ions 1, 2, and a 
typical c i rcu lar   V-gut te r   conf igura t ion  (ref. 1, configurat ion 6) for  a 
u n i t  air f l o w  of approximately 6.8. Lines of canstant fuel-air r a t i o  
and a l i n e   i n d i c a t i n g  the ideal  conibustor  performance (based on a com- 
bus to r   e f f i c i ency  of 1.0 and the appropr ia te  pressure loss of heat 
addi t ion)  are given for   reference.   Configurat ion 1 had a minimum 
s p e c i f i c  fuel consumption of 2.08 at a fuel-air r a t i o  of 0.013. Con- 
f i g u r a t i o n  2 had a slightly lower minfmum specif'ic fue l  consumption of 
2.05 f o r  the l e a n   f u e l - a b   r a t i o   r a n g e .  Thus, the higher flame-holder 
pressure  loss lazgely n u l l i f i e d  the advantage  of higher cambustor effi- 
ciency which configurat ion 2 had over  configuration 1. The minimum 
s p e c i f i c  fuel consumption f o r  the ty-plcal c i r c u l a r  V - g u t t e r  canffgura- 
t i o n  was 2.15, which occurred at a fuel-air r a t i o  of 0.018. For the 
lean range of fuel-air r a t i o ,   c o n f i g u r a t i o n  2 and configurat ion 6 of 
re ference  1 had nea r ly  the same specific fuel consumption (within 4 
percent) .  At fuel-air r a t i o s  above 0.042, the can canbustor was slightly 
i n f e r i o r   t o   c o n f i g u r a t i o n  6 of re ference  1. 

E f f e c t  of Shortening  Cmbustion Chamber 

Short  combustion  chambers axe genera l ly  desirable from the stand- 
point   of  w e i g h t  and external d r a g  considerat ions.  To i n v e s t i g a t e  the 
effect of shor ten ing  the can-type combustion chaniber, configuration 3 
was tested. This   configurat ion was the same as conffgurat ion 2 except 
that: (a)  the conibustion chmiber was shortened from 86 t o  56 inches,  and 
(b) the inner-zone  fuel-indection system was m o d i f i e d  slightly a s  dis- 
cussed in APPARATUS. The fuel-system  design  change was fe l t  t o  have a 
n e g l i g i b l e  effect upon performance. 

Data for the performance  of  configuration 3 were obtained by the 
direct-connect  mode of Fnvestigation  and axe presented Ln figure 7 
t oge the r  w3th the direct-connect  performance data of configurat ion 2. 
All the d a t a  presented i n  this curve w e r e  obtained at a u n i t  afr flow 
of  approximately 6.8.  The p& value of e f f i c i ency  of  0.77, with only 
inner-zone fuel i n f e c t i o n  (fig. 71, occurred at  a f u e l - a w   r a t i o  of 0.02 
for   conf igura t ion  3. This was 14 percentage  points  lower than the eff i- 
ciency of configurat ion 2 for the same Azel-air r a t i o .  A t  this same 
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f u e l - a i r   r a t i o ,  the combustor efficiency of the typical V - g u t t e r  con- 
f i g u r a t i o n  of figure 6 was lowered 8 percentage points by shortening 
t h e  combustion chaniber in a slxt i lar  manner (ref. 1). Thus, it appears 
that the can-type  flame-holder  cambustor efficiency was more s e n s i t i v e  
t o  conibustion-chamber length than the e f f i c i ency   o f  the typip.l V-gutter 
configuration. 

In the r ange   o f   fue l - a i r   r a t io  up to.0.05, the e f f i c i e n c y  of  con- 
f i g u r a t i o n  2 was markedly  superior t o  that of the shor te r   conf igura t ion  
3; f o r  example, a t  a f u e l - a i r   r a t i o   o f . 0 . 0 4 ,  the e f f i c i e n c y  of config- 
u r a t i o n  2 was 18 percentage  points  higher than the e f f i c i ency  of con- 
f i g u r a t i o n  3. Above a f u e l - a i r   r a t i o  of 0.0525, however,"t;he effi-  
c i enc ie s  w e r e  approximhtely equal ,   ind ica t ing  tmt leng th  had l i t t l e  
effect at fue l -a i r   ra t ios   near   s to ich iqmetr ic .   Cmbustor   to ta l -pressure  
r a t io s   o f   con f igu ra t ions  2 and 3 were ~ s s e n t ~ ~  e q u t v d e n t  (fig. 7). 

Effect  of  Pilot-Burper Variables 

As part of the inves t iga t ion  of  the performance of  configuration 2, 
a brief study of t h e  effects o f  piloe variables on combustor e f f i c i e n c y  
and s t a b i l i t y  limits with o n l y  inner-zone f u e l   i n j e c t i o n  w&s undertaken. 
The effect of' p e r c e n t   p i l o t  air  flow on conibustor  efficiency a t  a fuel- 
air r a t i o  of about 0.015 and a uni t   a i r : . f low of about 6.9 i s  presented   in  
f i g u r e  8. Over t h e   r a n g e   o f   p i l o t  air flow investigated,  combustor eff i -  
c iency decreased slightly with increased   percent   p i lo t  air flow. With 
3, p e r c e n t   p i l o t  air flow, the combustor e f f i c i e n c y  decreased about 3 
percent below its level wi th  no p i l o t  a i r  flow. Thus, although the t r e n d  
is s l i g h t ,  it appea r s - tha t  combuator efficiency was adversely affected by 
inc reas ing  the p i l o t  air flow. 

The effects of p i l o t  air flow and p f l o t  fuel flow UPOR inner-zone 
stability limits are shown in figure 9, where lean and rich blow-out 
l i m i t s  are  p l o t t e d  against p i l o t  fuel flow fm . m e  p i l o t  air flows. 
The regions  of stable combustion  broadened wi th   i nc reas ing   pe rcen t   p i lo t  
a-lr flow. Increasing pilot f u e l  Bow decreased the rich limit of  stable 
combustion i n  each case. Fairly wide s tabi l i ty  lFmits can be achieved 
(0.001 t o  0.028) by using 1 p e r c e n t   p i l o t  air and a p i l o t   f u e l  f l o w  of 1 
percent   of   over-al l   s toichiometr ic .  "his mode of p i l o t  operatfon would 
have only negligible effect. on cogibustor efficiency aa shown by figure 8. 

An i nves t iga t ion  of  three configurations  of  can-type  cmbustors 
employing a fuel-air-mixture   control  sleeve and a dual   ( inner  and ou te r  
zone) fuel system in a 20-inch-dismeter.ram-jet combustor was conducted 
i n  & facility s b u l a t i n g  f l ight  at Mach number 3.0 and a l t i t u d e s  from 
about 70,000 t o  80,000 feet. The fo l lowing   r e su l t s  were obtained: 
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1. One conf igura t ion  had peak canbus to r   e f f i c i enc ie s  of about 0.90 
a t  fuel-air r a t i o s  of  0.018 and 0.04. When comparcki with the r e s u l t s  
of a previous inves t iga t ion  of a similar can-type  corfbustor at  -her 
cambustor pressures, it was found that a reduct ion  i n  cmbus to r  pres- 
sure f r o m  over 2000 to less than 1000 pounds per square   foo t   in t roduced  
a reduct ion  in the cwibus tor   e f f ic iency  at f u e l - a i r   r a t i o s  in the trassi- 
t i on  region  between fnner-zone fuel i n j e c t i o n  and fuel. injectLon i n  both 
zones  but had little effect on peak e f f i c i ency .  

2. To enable a comparison with other combustors, specific fuel con- 
sumption was ca lcu la ted .  The  comparison showed that the performance of 
the can-type  combustor d i f fe red  only slightly From the performance of  a 
typical c i r c u l a r  V - g u t t e r  configurat ion.  A t  a fuel-air r a t i o  of 0.018, 
the can-type c d u s t o r  had about 4 percent  lower specific fuel consump- 
t i o n ,   b u t  w&8 slightly inferior at  Fuel-alr  ratios above 0.042. 

3. It was found that reducing the cmbustion-chamber  length From 86 
t o  56 inches  caused a reduct ion  in canibustor e f f i c i e n c y  far the can-type 
flame holder  of 14 percentage   po in ts  at a f u e l - a i r   r a t i o  of 0.02 and of 
18 percentage points at  a fuel-air r a t i o  of 0.04. Above a f u e l - a i r   r a t i o  
of 0.0525, however, the efficiencies were not affected by the change Fn 
length. 

4. The range of fuel-air r a t i o  for #hich stable inner-zone burning 
was poss ib l e  was found t o  be increased by burning Fuel in the small cen te r  
pilot, b u t  increases  i n  p i l o t  air flow over 1 percent  of total air  flow 
caused a s m a l l  reduct ion   in   cmibus tcr   e f f ic iency .  When the pilot was 
operated w i t h  1 percent  air f l o w  and a fue l  f l o w  of I percent of over- 
all s to ich iometr ic ,  fa i r ly  wide stability limits were provided with a 
n e g l i g i b l e  loss of conibustor e f f i c i ency .  

Lewis Fli&t Propulsion Lab0ra;tat-y 
Nat ional  Advisory C o m a i t t e e  f o r  Aeronautics 

Cleveland, Ohio, A p r l l  15,1954 
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SYMBO&S 

The following symbols a r e  used i n  t h i s   r e p o r t :  

area, sq f t  

l o c a l  speed of sound, f t / s ec  

f r ac t ion  of  supersonic jet flow e n t e r b g  englne   in le t  

d i scharge   coef f ic ien t  of exhaust nozzle 

ve loc i ty   coe f f i c i en t  of exhaust  nozzle 

n e t   t h r u s t ,  l b  

engine fuel-air r a t i o  

i d e a l  fue l - a i r  ratio 

fuel-air r a t i o  of  preheater 

s toichiometr ic  fuel-air r a t i o  

acce lera t ion .  due t o  gravity, 3 2  .z -  f t / s ec  2 

Mach number 

t o t a l   p r e s a u r e ,  lb/sq Ft abs 

s t a t i c   p re s su re ,   l b / sq  ft abs 

gas  constant ,  f t- lb/(lb) (si) 

t o t &  temperature, “R 
s ta t ic   t empera ture ,  “R 
s p e c i f i c  fuel consumption, lb f’uel/hr lb n e t  thrust 
ve loc i ty ,   f t / s ec  

fuel f low t o  engine  (including p i l o t  fuel f low),  lb/sec 
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0 

ll 

wf,P 

wi 

'Glp p i l o t  air flow, lb/sec 

wP 

WU unburned air flow .entering englne, lb/sec 

fuel flow t o  preheater, lb/sec 

engine M e t  e f l o w  (measured at exhaust nozzle  when WP - 01, 
~b f sec 

air flow t o  preheater, lb/sec 

Y r a t i o  of specific heats 

st canbustor efficiency 

P dens i ty ,  lb/cu ft 

- 
Subscr ip ts  : 

* C cold (engine  not burning and no p i l o t  air flow] 
h hot (engine burning) 

0 fYee stream 

2 subsonic d i f f u s e r  exft 

3 condi t ions  at s t a t i o n  2 a d j u s t e d   t o  combustion-chanriber area 

4 exhaust-nozzle inlet 

5 exhaust-nozzle minlrmrm mea 

6 s t a t i o n  downstream of exhaust-nozzle exit 
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Engine-inlet  air flow. - The engine exhaust nozzle served as a con- 
venient  metering orifice far determining the rate of flow of air through 
t he   eng ine   i n l e t  . fo r  nmburning  condi t ions  (wlth no p i l o t  air flow and 
the  assumption that leakage  through the engine  f langes was neg l ig ib l e ) .  
The engine- inlet  a i r  f l o w  was ca lcu la ted  *om t h e  mass-flow equation 

wi -. %,CCd,C%V5,C 

The exhaust  nozzle w a s  choked at i ts  minimum mea (M5 = 1) ; thus,  Wi 
was expressed as I 

wi - 
N 
ch 
rp 
0 

where Pg ,c and T5 ,c were assumed e q u a l  t o  P4,c  and TO, respec t ive ly .  
The exhaust-nozzle  dischazge  coefficient Cd w&8 assumed t o  be 0.985. 
P i l o t  air f low Wp was metered n l t h  an AA3.lfi.E. f l a t - p l a t e   o r i f i c e .  
Total   engine a i r  flow W was then W i  + Up. 

Engine   fue l -a i r   ra t io .  - The engine Fuel-air r a t i o  was defined as 
t h e   r a t i o  of t he   eng ine   fue l  flow t o   t h e  unburned air f lowing   in to   the  
combustor.  Leaving the   p rehea te r  was,& gas which &&a f u e l - a b   r a t i o  of " 

where Wp is the   p rehea ter  air flow measured by an A.S.M.E. f l a t - p l a t e  
o r i f i c e .  It was found t h a t   t h e   p r e h e a t e r  combustion e f f i c i ency  wa6 near ly  
100 percent .  The r a t i o  B of the   engine- in le t  air f l o w  t o  the  supersonic 
nozzle flow was c o n s t m t  because the   engine- in le t   d i f fuser   opera ted   super -  
c r i t i c a l l y  a t  all times. The unburned air pass ing   in to   the   engine  cmbus- 
t i o n  chamber was then . .  
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This  is different fmm Wl which includes p-ter products of c&us- 
tian. The engine fuel-air ratio wa8 then 

Because it was mare convenient t o  measure the engine- inlet  air flaw than 
BWp, use  was made of the foll-g r e l a t i o n :  

Rearranging terms gives 

L 

Subs t i t u t ion  of equation (7'1 in equation (5) gives 

The term "(1-B) (f/a)p was inconsequent ia l  i n  magnitude  and m s  wP 
W 

assumed t o  be zero in all ca lcu la t ions .  

Cmbustor   e f f ic iency .  - The cambustm efficiency q was defined as 

where f/a is given by equation (8) and (f/&) is the ideal f u e l - a i r  
r a t i o  which  would have produced the same canibustor-exit total pressure  
P4 as was measured for the burning  condi t ions  under   considerat ion.  Thus, 
the efficiency wa8 r e l a t e d  only t o   c m b u s t o r - e x i t  t o t a l  pressure, 
obvia t ing  the d i r e c t  measurement  of the high combustion-chamber  temperatures. 
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The determination of @/a] ' was implemented in the following way: 
me engine air flow at a given  s imulated  a l t i tude WELEI t h e  same for t h e  
nonburning and burning  conai t ions and could be expressed a6 

% ,hcd,h%'5 ,h 
= p5,c%,c A V  5 5,c = 

1 + *  'f e 

By usfng the. equatiw..nf state, convert%ng static pressure and tempera- 
t u r e  t o .  t o t a l   v a l u e s ,  converting v e l o c i t y   t o  Mach umber, and rearrang-  
ing  equat ions (lo), the following expres.sions may be written: 

Yh+l 

w 1 + -  ( 4-6 + 

'h - 
P5Jh 'd,h%%,h 2 

Dividing  equation (11) by equation (121, and assuming that 

P = P  5,c 4,c 

P = P  5,h 4,h 

.. 
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and noting that 

%,c %,h 

y i e l d s  the following equation : 

The pressure ratio was then  evaluated for  various i d e a l  fuel- 

air ratios by using t h e o r e t i c a l   c d u s t i o n  charts, which Fncluded the 
effects of d i s soc ia t ion ,  to f i n d  T4,h. These d a t a  w e r e  t hen   p lo t t ed  as 

[f/a} * against P4,hlP c. BY r d e r r i n g  to this p l o t ,  the i d e a l  fuel- 
sir r a t i o  (f/a) coud’be  obtained far each value of Pq,&*,c 
measured in the engine combustion ewer. 

The cambustor  efficiency 88 defined  herein is not a chemical com- 
bus t ion  efficiency such as a heat-balance o r  en tha lpy- r i se  method would 
ind ica t e .  The conibustm  efficiency  based on total-pressure measurement 
is  more r e p r e s e n t a t i v e  of over-all engine performance,  because it ind i -  
cates how effectively the fuel is being used t a  provide thrust p o t e n t i a l  
rather than how completely the f u e l  is being burned. 

Cambustor-inlet Mach number. - The c m b u s t o r - i n l e t  Mach number was 
ca lcu la t ed  by us ing  the engine air flow W, the static pressure measured 
at  s t a t i o n  2 p2, the inlet total temperature To, and the mximum area 
of the cambustion chamber c3l4.2 sq in. 1. 

Specific fuel consumption. - The s p e c i f i c  fuel consumption was cal- 
cu la ted  a s  the r a t i o  of the engine fuel  f l o w  i n  pounds per hour t o  the 
n e t   t h r u s t .  Thus 

. 
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where Fn, t h e   n e t   t b r u a t ,  is given by 

By subs t i t u t ing   equa t ion  (21) into  equat ion (20) and  rearranging,  equa- 
t i o n  (20) can be expressed as 

3600 g (!!) 
sfc = 

v6%(1 + f/a) i- g(P6 -PO) - VO (22) 

For   th i s   express ion ,  W f , e / W  was considered  equivalent t o  f fa of 
equation (8). The .exhaust  gases were assumed t o  be completely  expanded 
to atmospheric  pressure;  hence, the q w t i t y  (AdW)g(p6 - po) is zero. 
The value C, was taken as 0.95. . .  . . * .  .. 

The v e l o c i t y  Vs was determined a0 follows: 

v6 %&6 

The value % w a s  found from the exhaust nozzle pressure ratio P4/p0, 
w h e r e  

The value P2/P0 was assumed t o  be 0.60 (readily obtained i n  p r a c t i c e )  
f o r  a l l  t he   da t a ;  P4/P2 was the canibustor  total-pressure ratio. The 
r a t i o  Po/p0 was 36.7 (a constant corresponding t o  flight a t  a Mach 
number of 3.0). 

" . - 
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The temperature T6 was determined from To, the combustor effi-  
ciency, and a curve  of  temperature rise a g a i n s t  ideal f u e l - a i r   r a t i o .  
Thus, all the q u a n t i t i e s  i n  equation (25) are determined. - 

1. Trout, Arthur M., and Wentwmth ,  Carl B. : I3-ee-Je-b A l t i t u d e  Bvesti- 
gat ion of a 20-Bch Ram-Jet Combustor with a Rich Inner  Zone of 
CoIribustfon for Improved  Low-Temperature-Ratio  Operation. mACA 
RM E52L26, 1953. 

2.  Henzel, James G., Zr., asd  Wentworth, C a r l  B.: Free-Jet Bvestiga- 
t i o n  of 20-Inch REun-Jet Canbustor Uti l iz ing High-Heat-Release 
P i l o t  Burner. NACA RM E53Hl4, 1953. 

3. Cervenka, A. 3., Perchmok, Eugene, and D a n g l e ,  E. E. : Effect of 
Fuel lnjector Location and Mixture Control on Performance of 
16-lnch-Ram-Jet Can-Type Cmbustor.  W A  RM E53F15, 1953. 

4. Wentworth, C a r l  B., H u r r e l l ,  Herbert  G., and  Nakanishi,  Shigeo: 
Evaluation of  Operating Characteristics of  a Supersonic Fkee-Jet 
F a c i l i t y   f o r   F u l l - S c a l e  Ram-Jet E v e s t i g a t i o n s .  W A  RM E52108, 
1952. 

5. Smolak, George R., and Wentworth, Carl €3.: Altitude  Performance of 
a 20-Inch-Diameter Ram-5et Engine Inves t iga ted  In a Bee-Jet 
F a c i l i t y  a t  Mach Number 3 .O. XACA RM E52K24, 1953. 
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Figure 1. - Free- jet  fscBity wi? 20-inch-d.lameter ram- jet  engine installed. 
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(b) Viewed looging downstream. 

Figure 4. - Concluded.  Can-type flame holder with fuel-air m i r t u r e  
control sleeve attached (used for configurations 2 and 3). 

. 
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Fuel-injection zone Unit air Correspondi 
flow a l t i tude ,  f t  

0 Inner and cold f low 6.85 70,400 
Inner and cold flow 5.42 75,200 

0 Inner and cold f l o w  4 -09 80,100 
1.0 

.8 

.4 

.4 

.. 
.01 I 02 .03 

Engine fuel-air ratio 

(a) Configuration I; p i l o t  not used. 

Figure 5 - - Performance. 
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L 

Net thrust per p ~ l n d  of engine air f l o w  

Pisure 6. - Variation of specific fuel consumption with net t b r u a t  per pound of air flow. 
Dlifueer total-pressure recovery, 0.6 (asaluaed); unit a h  flow, about 8.8, (a" 
altitude,  approximately 70,500 f t ) ;  cambustion-chamber Length, 86 inches. 
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F 

1.0 

.8 

.6 

3 Inner and cold f lnv  56 
3 Inner plus outer 56 
2 Inner a m  cold flow 86 
2 Inner plus  outer 86 

al 

" 

Engine fuel-air r a t i o  

Figure 7. - ~ o q p a r ~ s o q  of m o r m a n c e  of -configurations 2 and 5 .  
Unit air flow, 6.8; corresponding . .  altitude, 70,500 feet; direct 
connect. 

" 

Pilot air flow,. percent, U ~ / W  X 100 

Figure 8 .  - Effect of pFlot  air flow on  aombustor  efficiency of con- 
figuretion 2. Fuel-air ratio; 0.015; unit air f lo36.9;  direct 
connect. 
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Lean Rich Pilot air f low,  
limit limit percent 

0 $ 0 
0 1.0 
0 o/ 2.6 

1 2 3 
Pilot f u e l  f l o w ,  percent  of 

ove r -a l l  stoichiometric 

Figure 9. - Inner-zone stabi l i ty  limits 
f o r  va r ious   p i lo t  air flows and f u e l  
flows. Configuration 2; unit a i r  
flow, 6.8. 
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